Abstract. We present a case study of antecedent rainfall induced failure of engineering slope. The impacts of pore-water pressure, pore-water pressure increment, water content, and the factor of safety are investigated by numerical models for an actual slope in Yunnan, China. The results indicate that antecedent rainfall plays an important role in the stability of the slope. The model reasonably explains the time lag between the occurrences of rainfall and landslides. Pore-water pressures signi cantly change at the upper layer of redclay slope; the occurrence of cracks at the top of the slope agrees with the eld observations before landslide. The saturated zone of the slope gradually expands from the top to bottom of the slope; the major reason for landslide is that the surface stagnant water, after rainfall, gradually in ltrates into the weathered gneiss rock, resulting in decrease in the strength of weathered gneiss rock. Then, the weight of the later rainfall leads to landslide of the slope. The factor of safety of the slope is evaluated by the modi ed limit equilibrium methods. It is shown that the actual failure occurs when the calculated factor of safety approaches its minimum, i.e., 0.97. The landslide is characterized by shallow landslides.
Introduction
Landslides are disastrous physical and geological phenomena, which have various scales and complex mechanisms, and frequently occur due to extreme climate e ects. It is a special natural hazard, which is like rock fall and debris ow. A number of studies have indicated that the slope failures can be attributed to several factors such as climate conditions, geological features, topography, rainfall, earthquake, reservoir water level, vegetation, and soil spatial variability, either separately or together [1] [2] [3] . Rainfall has a direct e ect on occurrence of landslides. It is widely recognized that rainfall-induced slope failures are mainly caused by in ltration of rainwater [4] [5] [6] . The role of rainfall in ltration in triggering landslides in tropical regions has been a challenging issue for geotechnical engineers and engineering geologists. Rainfall-induced shallow landslides a ecting super cial deposits of small thickness (generally lower than 2 m) are common phenomena all over the world.
Early studies of rainfall and landsliding in Hong Kong [7] utilized only the rainfall data at one location for correlations with landsliding across the entire Territory of Hong Kong. Rainfall of 1-12 h duration is important in predicting the number of landslides; antecedent rainfall also has some in uence [8] . There have been di erent conclusions as to the relative roles of antecedent rainfall in landslides. Brand concluded that antecedent rainfall was not a major factor, except in the case of minor landslide events (i.e., only a small number of landslides) occurring under relatively low intensity rainfalls [9] . Brand concluded that the majority of landslides were caused by localized, short-duration, high-intensity rainfalls, and that a large proportion of the landslides took place in severe rainstorms as the peak of hourly rainfall and a smaller proportion occurred sometime afterwards [9] . Tan suggested that the antecedent rainfall could be signi cant in a ecting the slope stability [10] . Wei in a case study of the Bukit Batok landslides in Singapore found that the failure occurred after a period of heavy rainfall and there was no rainfall at the time of failure [11] . Antecedent rainfall, initial pore-water pressures prior to a signi cant rainfall event, and the magnitude of the rainfall event play a crucial role in the development of the worst pore-water pressure condition in a slope [12] .
Soil water content, pore water pressure, and matric suction are the basic soil features to be considered in the stability analysis of the slope during a rainfall event. Soil water content, pore water pressure, and matric suction data from continuous monitoring of unsaturated soils have been proved very useful in di erent kinds of stability models, such as closed-form equations based on a limit equilibrium analysis [13] [14] [15] , physically based models [16] [17] [18] [19] , and Finite Element Models (FEM).
Many authors identi ed the quick increase in pore water pressure and the development of positive pore pressures, due to the formation of a perched water table, as the most important causes for shallow landslide triggering [5, [20] [21] [22] [23] . It is generally recognized that rainfall-induced landslides are caused by changes in pore-water pressures. The increase in pore pressure decreases soil e ective stress and, thus, reduces soil shear strength.
Numerical models have been used for simulating the mechanism of rainfall-induced slope failure. Many authors studied the e ect of rainfall in ltration in a typical unsaturated hillside, e.g., Ng and Shi, who used a steep cut slope in Hong Kong in their study [24] . Limit equilibrium methods are most widely used for analyzing the slope stability and designing engineered slopes. Finite element program Seep/W was employed to compute the pore-water pressures, which were required for the calculation of safety by conventional limit equilibrium method. Tsaparas performed a numerical simulation to investigate the responses of a typical residual soil slope in Singapore to several hydrological parameters including rainfall distribution, saturated permeability of soil, initial pore-water pressures, and groundwater table [25] . Over the previous century, a variety of limit equilibrium techniques have been developed to determine stability conditions, depending on the equations of equilibrium included and the assumptions made to account for the inter-slice forces [26] [27] [28] [29] .
The key indicator in slope stability analysis is the Factor Of Safety (FOS), which is commonly de ned as the ratio of the resisting shear force to the driving shear force along a failure surface [30] [31] [32] .
The main objectives of the present work can be summarized as follows: 1. To study a case where antecedent rainfall and landslides occurred in Yunnan province of china on August 17, 2013; 2. To analyze pore-water pressure, pore-water pressure increment, water content, and the factor of safety in the change of the slope by antecedent rainfall; 3. To present a systematic methodology to explain the mechanism of rainfall-induced landslide in unsaturated slopes.
Landslide description 2.1. Site description
The selected study site shown in Figure 1 is located Figure 1 . (Figures 2 and 3) . 
Geological setting of the slope
The geology of the study site is brie y described. Also, simpli ed geological map of the site is shown in Figure 3 . Geologically, the slope was composed of red clay originating from strong weathering gneiss. Red clay was characterized by the dispersion of soil structure, which was mainly distributed in the middle and the top of the slope; the overlying red clay indicated depths varying from 6 to 8 m. Strong weathered gneiss rock was composed of feldspar, quartz, and biotite, which were characterized by macroscopic cataclastic and microscopic mylonitic structures. The transition between the strong weathered gneiss rock and red clay was weathered gneiss rock, which was composed of 
where, h c is the pressure head; is the volumetric water content; k s ij is the hydraulic conductivity tensor at saturation; k r is the relative hydraulic conductivity, which is de ned as the relationship between unsaturated and saturated hydraulic conductivities (k=k sat ); k r varies between 0 and 1 and is a scalar function of the degree of saturation; C(') is the volumetric water retention capacity @=@h c ; S s is the speci c storage coe cient; and Q is the source sink term.
The calculation of Soil-Water Content Characteristic (SWCC) curve has been proposed by VanGenuchten:
where s is the matric suction (u a u w ); p 0 is air entry value; n and m are the curve tting parameters, respectively; and S e is the e ective water saturation. According to Van-Genuchten, hydraulic conductivity of soil changes by:
where k rl is the relative hydraulic conductivity; k sat is the saturated hydraulic conductivity (m/s); S sw is the maximum saturation of soil; and S e is the e ective water saturation.
Geometry and boundary conditions
The slope weathering pro le was composed of an averagely 2 m thick super cial mature residual soil. The lateral boundaries were considered as impervious surfaces. This implies that ow directions were parallel to the boundaries of the slope. The bottom of the slope was considered as an impervious surface. These boundary conditions are favorable to the development of positive pore pressure. At the slope surface, daily rainfall events were simulated by prescribing ow velocities computed according to daily rain amount registered at the study area. The rainfall was relatively low, due to the occurrence of drought from 2010 to 2012 in the study area; thus, water table was low. In order to make the initial water table consistent with the actual situation, average rainfall of years was used as the initial condition of in ltration (Figures 4-6 ). Groundwater recharge was mainly supplied by rainfall.
Hydraulic parameters
The parameters are presented in Table 1 . Red clay, weathered gneiss rock, and strong weathered parameters were obtained by laboratory experiment.
Strength of unsaturated soil
In this study, the extended Mohr-Coulomb shear strength equation [33] is adopted in the 2-D general limit equilibrium method: 
where c 0 is the e ective cohesion; f is the shear strength; ( u a ) is the net normal stress on the failure plane, in which is total normal stress and u a is the pore-air pressure; (u a u w ) is the matric suction, in which u w is the pore-water pressure; and ' b is the rate of increase in shear strength relative to the matric suction.
3.5. Unsaturated soil slope stability analysis method ones in slope engineering. On the basis of simpli ed Bishop method, combined with the nite element method and the stability analysis method, which simulate negative pore water pressure and matric suction of soil, the safety factor is obtained under the condition of rainfall in ltration of the slope. The method is presented in Figure 7 .
The factor of safety with respect to moment equi- Note: G s = speci c gravity of rains; e = voids ratio; n =porosity; S sw = the maximum saturation of soil; p 0 = air entry value; k sat = the saturated hydraulic conductivity. 
Box I librium, F m , by considering the e ect of matric suction is calculated by Eq. (7) as shown in Box I, where c 0 i is the e ective cohesion; w i is weight; Q i is horizontal earthquake force; H i and H i+1 are normal forces; V i and V i+1 are tangential forces; N i is e ective force; U i is pore-water pressure; T i is tangential shearing resistance; P i is linear distributed load; and R is the sliding arc radius of the slope.
Strength parameters
The parameters are presented in Table 2 . They were obtained by experiments. The strength of red clay and weathered gneiss rock decreased obviously after rainfall saturated, which was mainly due to reduced suction. Natural water content and saturated water content of matric suction according to Soil-Water Content Characteristic (SWCC) curve, red clay parameters, and weathered gneiss rock parameters were obtained by Mohr-Coulomb shear strength equation [33] . Red clay parameters and weathered gneiss rock are shown in Table 3 . Previous study results have demonstrated that the stability of the slope is directly related to rainfall. Antecedent rainfall and landslides in Yunnan province of China were characterized by shallow sliding, and sliding surface between red clay and weathered gneiss rock; thus, pore-water pressure, pore-water pressure increment, and the various characteristics of water content of red clay and weathered gneiss rock were analyzed in the study, respectively. Figure 8 illustrates the variations of pore-water pressure, pore-water pressure increment, and water content characteristics of the slope on August 1, 2013, when rainfall amount was 20.4 mm. As shown, the pore-water pressure increment was sharp and equal to 149.5 kPa. Also, the depth of rainfall in ltration was only in the slope surface of red clay. As weathered gneiss rock was less a ected by rainfall in ltration, the water content distribution of the slope was in line with pore-water pressure; the water content at the top of the slope was less than that at the bottom of the slope and at surface of the slope was less than at the inner of the slope. The simulated distributions of the various characteristics of slope of the pore-water pressure, pore-water pressure increment, and water content on August 4, 2013, are shown in Figure 9 . Figure 9(a) shows the pore-water pressure distribution under rainfall of 58.8 mm. At this stage, the pore-water pressures of the entire red clay soil domain varied from -535 kPa to 166 kPa. Rainfall of 58.8 mm was more than saturation permeability coe cient of 1:69 10 7 m/s. As shown in Figure 8(b) , the pore-water pressure of the slope increased along surface, which had a signi cant impact on red clay. Figure 10 demonstrates the variation characteristics of slope of the pore-water pressure, pore-water pressure increment, and water content on August 9, 2013. Rainfall was 10 mm on August 5, 2013, which was less than the in ltration rate; rainfall made full in ltration into the surface of the slope of red clay and the pore-water pressure of red clay decreased by rainfall in ltration. Rainfall was 21.5 mm on August 9, 2013; the pore-water pressures in the entire red clay and weathered gneiss rock domain varied from 428:9 kPa to 166.7 kPa. The pore-water pressure decreased and rainfall in ltration range of the slope increased. Maximum in ltration depth was 30 m under surface of the slope.
The e ects of the pore-water pressure, pore-water pressure increment, and water content by rainfall are illustrated in Figures 11 and 12 . Rainfall was 81 mm and 22 mm on August 13 and August 14, 2013, respectively, which was more than the in ltration rate of the slope. It is clear from Figures 11 and 12 that the maximum pore-water pressures were 413 kPa and 390 kPa, and the maximum pore-water pressure increments were 312.4 kPa and 318 kPa for the slope on August 13 and August 14, 2013, respectively. Maximum in ltration depth occurred in strong weathered gneiss rock under surface of the slope.
Rainfall in ltration amount is related to the permeability coe cient of soil and the permeability coe cient of unsaturated soil depends on the soil water content; the processes of supplementing, runo , and draining of rainfall; and the change of soil water content. Water content of soil changes the saturation state, which causes the matrix suction to gradually lose its function. In order to analyze the seepage characteristics of rainfall, pore-water pressure monitoring stations were set up at the top, middle, and bottom of the slope, respectively. The changes of pore-water pressure monitoring stations of the slope are illustrated in Figure 13 . Pore-water pressures were greatly a ected by rainfall, more at the top of the slope than at in the middle and bottom of the slope. It is also illustrated that the saturated zone was gradually spread down from the top of the slope. Pore-water pressures increased in red clay before August 6, 2013, and underwent signi cant changes in the middle and bottom of red clay after August 9, 2013, because the thickness of the clay decreased from top to bottom of the slope. Pore-water pressures were not signi cantly a ected in weathered gneiss rock from August 1 to August 23, 2013, because the changes were mainly due to rainfall in ltration into the red clay layer, and the in uence of rainfall on weathered gneiss rock with hysteresis characteristics. During the process of rainfall in ltration, the in ltration boundary is determined by the relationship between rainfall intensity and in ltration capacity. When the rainfall intensity is less than the in ltration capacity, the surface of red soil is in an unsaturated state. On the other hand, when the rainfall intensity is greater than the in ltration capacity, red clay reaches saturated state and red clay in ltration process is gradually reduced. On August 17, 2013, slope failure occurred.
In uence of the Factor Of Safety (FOS)
The resulting variation in the Factor Of Safety (FOS) of the slope is shown Figure 14 . Initially, on August 1, 2013, the FOS was 1.2; then, it had decreasing trend with rainfall increasing and reaching 234 mm during 23 days. The FOS of the slope obviously decreased before August 14, because rainfall failed to in ltrate into weathered gneiss rock. As shown, the predicted FOS successfully simulates timing of the actual failure 
Discussion and conclusion
This paper presents a case study of the failure of an engineering slope due to rainfall in China. A detailed numerical modeling was carried out to simulate the distributions of pore-water pressure, the increment of pore-water pressure, water content, and safety factor for an actual slope in Yunnan. The following conclusions can be drawn from the study:
1. An unsteady saturated-unsaturated seepage mathematical model was described, through the analysis of the stability and seepage under antecedent rainfall conditions of the slope, to understand the law of in ltration by rainfall. The simulated results showed that antecedent rainfall had a signi cant effect on the slope stability. Rainfall in ltration process, based on the unsteady saturated-unsaturated seepage mathematical model, could reasonably explain the time lag between the occurrence of rainfall and landslides; 2. It was shown that pore-water pressure signi cantly changed at the top of red clay slope, which was liable to produce large collapsing deformation. The cracks at the top of the slope agreed with the observation before landslide; 3. The suction of soil in the whole weathering gneiss was obviously lagging behind the change of the external atmospheric environment. The suction of the soil layer in the whole weathering gneiss was slowly decreasing under the in ltration of the upper rain, which also happened in the heavy rain after the end of the period of the season; 4. The decrease in amplitude of the suction was more intense on the top of red clay than in the middle and the front edge of the slope, and the thickness of red clay on the top of the slope was more than that in the middle and front of the slope. The saturated zone of landslide gradually expanded from the top to the bottom of the slope; 5. The in ltration process based on saturatedunsaturated Richards equation could reasonably explain the time lag of landslide. The major reason for landslide was that the stagnant water on the surface after rainfall gradually in ltrated into the weathered gneiss rock, resulting in the decrease in the strength of weathered gneiss rock, and then the weight of later rainfall caused the landslide of the slope. The landslide was shallow, induced by antecedent rainfall; 6. From the numerical analysis results, it was found that the factor of safety was 1.2 on August 1, 2013, and, although uctuating, it followed a decreasing trend. 
